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There are presently several discrepancies in b→ s`+`− decays of B mesons suggesting new physics
coupling to b quarks and leptons. We show that a Z′, with couplings to quarks and muons that can
explain the B-decay anomalies, can also couple to dark matter in a way that is consistent with its
relic abundance, direct detection limits, and hints of indirect detection. The latter include possible
excess events in antiproton spectra recently observed by the AMS-02 experiment. We present two
models, having a heavy (light) Z′ with mZ′ ∼ 600 (12) GeV and fermionic dark matter with mass
mχ ∼ 50 (2000) GeV, producing excess antiprotons with energies of ∼ 10 (300) GeV. The first model
is also compatible with fits for the galactic center GeV gamma-ray excess.
1. INTRODUCTION
At present, there are several measurements of b →
s`+`− decays that suggest the presence of physics be-
yond the standard model (SM):
• The LHCb Collaboration has measured the ratio
RK ≡ B(B+ → K+µ+µ−)/B(B+ → K+e+e−),
finding RexptK = 0.745
+0.090
−0.074 (stat) ± 0.036 (syst)
[1]. Thus, a signal of lepton flavor nonuniversality
at the level of 25% was found, a deviation of 2.6σ
from the SM prediction.
• An angular analysis of B → K∗µ+µ− was per-
formed by the LHCb [2, 3] and Belle [4] Collab-
orations, and a discrepancy with the SM in the ob-
servable P ′5 [5] was found. There are theoretical
hadronic uncertainties in the SM prediction, but
the deviation can be as large as ∼ 4σ [6].
• The LHCb Collaboration has measured the branch-
ing fraction and performed an angular analysis of
B0s → φµ+µ− [7, 8], finding a 3.5σ disagreement
with the predictions of the SM, which are based on
lattice QCD [9, 10] and QCD sum rules [11].
What is particularly intriguing is that all these (inde-
pendent) discrepancies can be explained if there is new
physics (NP) in b → sµ+µ−. Numerous models have
been proposed that generate the correct NP contribution
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to b → sµ+µ− at tree level. They can be put into two
categories: those with a Z ′ vector boson, and those con-
taining leptoquarks [12].
Another indication of NP is dark matter (DM); the
SM contains no acceptable DM candidate. Moreover the
paradigm of WIMP (Weakly Interacting Massive Parti-
cle) dark matter, which naturally obtains the observed
relic density through thermal processes, suggests that the
DM mass should be of the order of the electroweak scale.
In light of this, it is tempting to ask whether the NP re-
sponsible for the B-meson anomalies may be connected
to DM. In particular, the new particle that contributes
to b → sµ+µ− could also be the mediator connecting
the DM to SM particles. A simple possibility is that the
mediator is a Z ′ associated with a U(1)′, under which
the DM is assumed to be charged. We explore this idea
here. Previous work in this direction can be found in
Refs. [13–16]. Our work has a different emphasis, paying
particular attention to recent hints of dark matter an-
nihilation contributing to the antiproton spectrum that
has been observed by the AMS-02 experiment [17].
Our starting point is the assumption that, at very high
energies, the flavor structure of the SM is gauged [18–21],
and the SM group is then extended by the maximal fla-
vor group. It is further assumed that this flavor group is
spontaneously broken such that the only symmetry left at
the scale of O(TeV) is U(1)′. Only the left-handed third-
generation quarks and second-generation leptons in the
flavor basis are charged under this group. (Ref. [22] has
a similar starting point, but assumes that the unbroken
subgroups are U(1)q in the quark sector, and U(1)µ−τ
in the lepton sector.) The gauge boson associated with
U(1)′ is denoted by Z ′. After electroweak symmetry
breaking, when one transforms to the mass basis, a flavor-
changing coupling of the Z ′ to bLs¯L is generated, leading
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2to an effective (s¯Lγ
νbL) (µ¯LγνµL) four-fermion operator.
This is used to explain the b→ sµ+µ− anomalies.
In addition, we assume the presence of a DM fermion
χ that is charged under U(1)′. When U(1)′ is broken, a
remnant global Z2 symmetry remains [23, 24], ensuring
the stability of χ. The Z ′ acts as a mediator, enabling
the annihilation processes χχ¯ → Z ′ → ff¯ where f is a
SM particle, mainly bL, tL, µL, νµ in our model. For light
mediators, the process χχ¯→ Z ′Z ′ can be dominant.
There are two variants of this U(1)′ model. In the
first, the Z ′ is heavy, mZ′ = O(TeV), the DM χ is a
Dirac fermion of mass mχ ∼ 30-70 GeV, and the Z ′ cou-
ples to the χ vectorially. We demonstrate that values
of the model parameters can be found such that the NP
contribution to b → sµ+µ− explains the B anomalies,
while remaining consistent with the constraints from B0s -
B¯0s mixing, b → sνν¯, neutrino trident production, and
LHC Z ′ searches, as well as the DM constraints from
relic abundance, and direct and indirect detection. The
model also provides a tentative antiproton excess at the
10 GeV energy scale [25, 26], as seen in data from AMS-
02. An interesting feature of this model is that the invis-
ible contribution to the Z ′ width from Z ′ → χχ¯ allows it
to escape the stringent LHC limits from dilepton searches
(Z ′ → µµ¯), that would otherwise exclude it.
In addition to the broad antiproton excess found at
low (20-100 GeV) energies, there is also tentative evi-
dence for a bump-like feature near the end of the ob-
served AMS-02 p¯ spectrum. It has been postulated that
this feature could be explained by the production and
subsequent acceleration of p¯ in supernova remnants [27],
but here we consider a dark matter interpretation. Ref.
[28] showed that the annihilation of multi-TeV DM into
highly-boosted light mediators, that subsequently decay
to quarks, can produce the relatively narrow p¯ peak
around 300 GeV. We find that a second variant of our
model, with mZ′ ∼= 12 GeV and quasi-Dirac DM of mass
mχ ∼= 1950 GeV, can give a good fit to this observation,
while evading bounds on direct detection due to inelas-
tic couplings of Z ′ to the DM. This model has strong
potential for discovery in upcoming LHC searches.
We begin in section 2 by defining the model as regards
the Z ′ couplings to SM particles. In section 3 we derive
the space of allowed parameters consistent the various
flavor constraints. Section 4 augments the model by cou-
pling DM to the Z ′. Here we analyze the heavy and light
Z ′ variants of the model in some detail, and demonstrate
that it is possible to simultaneously explain the B-decay
anomalies and the antiproton excesses. Conclusions are
given in sect. 5.
2. MODEL
We start by defining the particle-physics model, at first
ignoring its couplings to dark matter, in order to address
the anomalies in b → sµ+µ−. We will later supplement
the model (section 4) with couplings to DM.
2.1. Gauged flavor symmetries
Refs. [18–21] study the effect of gauging the SM (quark
or lepton) flavor symmetries. The focus is principally to
examine the relation between flavor-violating effects and
the Yukawa couplings, especially as regards avoiding too-
large flavor-changing neutral currents. An alternative to
minimal flavor violation [29, 30] is found. A crucial in-
gredient of the analysis is the addition of new (chiral)
fermions to cancel anomalies.
In our model we assume that, at very high energies,
the SM gauge group SU(3)c × SU(2)L × U(1)Y is ex-
tended by the maximal gauged flavor group SU(3)Q ×
SU(3)U × SU(3)D × SU(3)` × SU(3)E × O(3)νR . Here
Q (`) corresponds to the left-handed (LH) quarks (lep-
tons), while U , D and E represent the right-handed
(RH) up quarks, down quarks and charged leptons, re-
spectively. Three RH neutrinos are included in order
to generate neutrino masses via the seesaw mechanism,
but are otherwise unimportant for the model. We fur-
ther assume that the flavor group is spontaneously bro-
ken such that the only symmetry left at the TeV scale is
U(1)′. Only the LH third-generation quarks and second-
generation leptons are charged under this group.1 That
is, SU(3)U ×SU(3)D ×SU(3)E ×O(3)νR is broken com-
pletely, and SU(3)Q × SU(3)` → U(1)′, with associated
gauge boson Z ′.
2.2. Yukawa couplings
At the TeV scale the Lagrangian is effective, and con-
tains all the terms left from integrating out the heavy
fields. Consider the Yukawa terms for the quarks,
which connect LH and RH fields. Since only LH third-
generation quarks (q3L) are charged under U(1)
′, any
Yukawa term that does not involve q3L is as in the SM:
λij q¯iLHqjR + h.c. (i = 1, 2, j = 1, 2, 3).
On the other hand, Yukawa terms that involve q3L are
of dimension 5: [λj q¯3LHqjRΦq]/M + h.c. (j = 1, 2, 3),
where M is the scale of some integrated-out particles,
and Φ is a scalar whose vacuum expectation value breaks
U(1)′. (For the lepton fields, the Yukawa terms are con-
structed similarly, except here the LH second-generation
leptons are treated like the LH third-generation quarks.)
Thus, when Φ gets a VEV, the Lagrangian contains the
SM terms, along with the Z ′ couplings to SM particles,
plus higher dimension nonrenormalizable terms that can
1 As the underlying flavor group has been made anomaly-free by
the addition of new fermions, this also resolves all anomaly prob-
lems associated with the U(1)′. Heavy fermions are required for
the anomaly cancellation; we take these to have masses above the
scales (TeV) in which we are interested. As a consequence, the
only nonstandard fermion that couples to Z′ at lower energies is
the dark matter.
3be neglected. At this scale the SM terms include all the
Yukawa couplings, λij f¯iLHfjR + h.c. (i, j = 1, 2, 3).
The simplest UV completion requires the introduction
of heavy isosinglet vectorlike quarks T,B, lepton L and
scalars Φq,Φl with U(1)
′ charges gq and gl respectively,
that match those of the SM doubletsQ3,L and L2,L. Then
the renormalizable terms
L = y′bQ¯3,LHBR + y′tQ¯3,LH˜TR + y′µL¯2,LHLR
+ ηb,iB¯LΦqdi,R + ηt,iT¯LΦqui,R + ηµ,iL¯LΦlei,R
+ MtT¯ T +MbB¯B +MµL¯L (1)
generate the dimension-5 Yukawa interactions after the
heavy fermions are integrated out. The corresponding
SM Yukawa couplings that are most relevant for this
study are
λtt = y
′
tηt,t
〈Φq〉
Mt
λbb = y
′
bηb,b
〈Φq〉
Mb
λbs = y
′
bηb,s
〈Φq〉
Mb
(2)
Assuming that 〈Φq〉 ∼ Mt, it is possible to generate
a large enough top quark Yukawa coupling as long as
y′t ∼ ηt,t ∼ 1. The quark mixing needed to get the
b → s transitions from Z ′ exchange will be controlled
by ηb,s/ηb,b.
Since the current limit on vector-like isosinglet quarks
is M > 870 GeV [31], the VEV 〈Φq〉 contributes of or-
der (870 × gq) GeV to the Z ′ mass. We will find that
satisfying flavor and dark matter constraints requires
gq ∼= 0.4mZ′/TeV, which is too small for this to be the
sole contribution to mZ′ . The rest must either come from
〈Φl〉, or from an additional dark scalar field that we will
introduce in a scenario with a light Z ′. Since the largest
Yukawa coupling in the lepton sector that must be gen-
erated by 〈Φl〉 is λµµ, we have the freedom to choose
〈Φl〉  〈Φq〉, and we will make this assumption in the
light Z ′ scenario to avoid too large contributions to mZ′ .
2.3. Four-fermion operators
In the gauge basis, the Lagrangian describing the cou-
plings of the Z ′ to fermions is
∆LZ′ = JµZ ′µ , (3)
where Jµ = gq(ψ¯
′
qγ
µPLψ
′
q) + gl(ψ¯
′
`γ
µPLψ
′
`) . (4)
Here ψ′q (ψ
′
`) represents both t and b (νµ and µ
−) fields,
and the primes indicate the gauge basis. gq = g1Qq and
gl = g1Q` are the couplings of the Z
′ to quarks and
leptons, respectively (g1 is the U(1)
′ coupling constant,
and Qq and Q` are the U(1)
′ charges of quarks and lep-
tons). Once the heavy Z ′ is integrated out, we obtain
the following effective Lagrangian containing 4-fermion
operators:
LeffZ′ = −
1
2m2Z′
JµJ
µ
⊃ − gqgl
m2Z′
(ψ¯′qγµPLψ
′
q)(ψ¯
′
`γ
µPLψ
′
`)
− g
2
q
2m2Z′
(ψ¯′qγµPLψ
′
q)(ψ¯
′
qγ
µPLψ
′
q)
− g
2
l
2m2Z′
(ψ¯′`γµPLψ
′
`)(ψ¯
′
`γ
µPLψ
′
`) . (5)
The first 4-fermion operator (two quarks and two leptons)
is relevant for b → s`+`− and b → sνν¯ decays, the sec-
ond operator (four quarks) contributes to processes such
as B0s -B¯
0
s mixing, and the third operator (four leptons)
contributes to neutrino trident production and Z → 4µ.
In order to obtain the operators involving the physical
fields, we must transform the fermions to the mass basis.
We make the approximation that the gauge and mass
eigenstates are the same for all fermions except the LH
up- and down-type quarks. In the lepton sector, this
holds if neutrino masses are neglected. For the quarks, it
would be a good approximation if λsb, which comes from
the usual dimension-4 Yukawa interaction, happens to be
much smaller than λbs in eq. (2). In this case the mixing
angle between 2nd and 3rd generation left-handed quarks
is approximately θL ∼= ηb,s/ηb,b while that of their right-
handed counterparts is smaller by a factor of ∼ ms/mb.
In the following we therefore ignore θR.
In transforming from the gauge basis to the mass basis,
we then have
u′L = UuL , d
′
L = DdL , (6)
where U and D are 3×3 unitary matrices and the spinors
u(′) and d(′) include all three generations of fermions. The
CKM matrix is given by VCKM = U
†D.
For the B anomalies, we are particularly interested in
the decay b→ sµ+µ−, i.e., the Z ′ must couple to s¯b in the
mass basis. If the Z ′ also couples to d¯s (d¯b), there are
stringent constraints from K0-K¯0 (B0-B¯0) mixing. To
avoid this, we assume that the D transformation involves
only the second and third generations [32, 33]:
D =
 1 0 00 cos θD sin θD
0 − sin θD cos θD
 (7)
where θD = θL ∼= ηb,s/ηb,b as mentioned above. With this
transformation, for the down-type quarks, couplings in-
volving the second generation (possibly flavor-changing)
are generated in the mass basis. (For the up-type quarks,
the first generation can also be involved.)
Now, we are interested in b → s transitions in the
mass basis, and these can arise through the exchange of
a Z ′. Applying the above transformation to Eq. (5), we
4find the following. The 4-fermion operator applicable to
b→ sµ+µ− or b→ sνν¯ is
gqgl
m2Z′
sin θD cos θD (s¯γµPLb)(L¯γ
µPLL) . (8)
For B0s -B¯
0
s mixing, the relevant operator is
− g
2
q
2m2Z′
sin2 θD cos
2 θD (s¯γ
µPLb)(s¯γ
µPLb) . (9)
2.4. Z′dd¯ and Z′uu¯ Couplings
Although our immediate concern is b → s transitions,
the small couplings of Z ′ to light quarks induced by mix-
ing in our model will be relevant later on, for the direct
detection of dark matter. Because the D transformation
involves only the second and third generations [Eq. (7)],
the Z ′dd¯ coupling vanishes. Using VCKM = U†D, the Z ′
coupling to LH up-type quarks is given by
M = U†
 0 0 00 0 0
0 0 1
U = VCKMD†
 0 0 00 0 0
0 0 1
DV †CKM .
(10)
The Z ′uu¯ coupling is then given by
M11 = |Vus|2 sin2 θD − 2 Re(VusV ∗ub) sin θD cos θD
+ |Vub|2 cos2 θD . (11)
For very small θD such that sin θD ∼= θD and cos θD ∼=
1, and neglecting the phase in VusV
∗
ub, we can estimate
M11 ∼ |Vub − θDVus|2.
3. FLAVOR CONSTRAINTS
Here we determine the allowed values of θD versus
gqgl/m
2
Z′ that can explain the b → sµ+µ− anoma-
lies, while respecting constraints from B0s -B¯
0
s mixing,
b → sνν¯, neutrino trident production, Z → 4µ decays,
and the muon anomalous magnetic moment.
3.1. b→ sµ+µ−
b → sµ+µ− transitions are described by the effective
Hamiltonian
Heff = −αGF√
2pi
VtbV
∗
ts
∑
a=9,10
(CaOa + C
′
aO
′
a) ,
O9(10) = [s¯γµPLb][µ¯γ
µ(γ5)µ] , (12)
where the primed operators are obtained by replacing L
withR. The Wilson coefficients C
(′)
a include both SM and
NP contributions. In Ref. [6], a global analysis of the b→
s`+`− anomalies was performed for both electron and
muon decay modes, including data on B → K(∗)µ+µ−,
B → K(∗)e+e−, B0s → φµ+µ−, B → Xsµ+µ−, b →
sγ and B0s → µ+µ−. Theoretical hadronic uncertainties
were taken into account, and it was found that there is a
significant disagreement with the SM, possibly as large as
4σ. This discrepancy can be explained if there is NP in
b → sµ+µ−. There are four possible explanations, each
having roughly equal goodness-of-fits, but the one that
interests us is CNP9 = −CNP10 < 0. According to the fit,
the allowed 3σ range for the Wilson coefficients is
− 1.12 ≤ CNP9 = −CNP10 ≤ −0.18 . (13)
In our model, b→ sµ+µ− transitions are given by the
effective Hamiltonian
Heff(b→ sµ+µ−)
=
(
−αGF√
2pi
VtbV
∗
tsC
SM
9 +
gqgl
2m2Z′
sin θD cos θD
)
× (s¯γµPLb)
(
¯`
iγµ(1− γ5)`j
)
, (14)
where the SM contribution, CSM9 (= −CSM10 ) ' 0.94 [34],
encodes a loop suppression. This leads to
CNP9 = −CNP10
=
pi√
2αGFVtbV ∗ts
gqgl
m2Z′
sin θD cos θD (15)
in b → sµ+µ−, while there is no NP contribution to
b→ se+e−. Eq. (13) then constrains the combination of
theoretical parameters θD gqgl/m
2
Z′ in the limit of small
θD.
3.2. B0s -B¯
0
s mixing
In our model, B0s -B¯
0
s mixing is described by the effec-
tive Hamiltonian
Heff =
(
NCSMV LL +
g2q
2m2Z′
sin2 θD cos
2 θD
)
× (s¯γµPLb) (s¯γµPLb) , (16)
where N = (G2Fm
2
W /16pi
2)(VtbV
∗
ts)
2 (the SM contri-
bution is produced via a box diagram), and CSMV LL '
4.95 [33]. The mass difference in the Bs system is then
given by
∆Ms =
2
3
mBsf
2
BsBˆBs
×
∣∣∣∣∣NCSMV LL + g2q2m2Z′ sin2 θD cos2 θD
∣∣∣∣∣ . (17)
The SM prediction is [33]
∆MSMs = (17.4± 2.6) ps−1 . (18)
5This is to be compared with the experimental measure-
ment [35]
∆Ms = (17.757± 0.021) ps−1 , (19)
leading to a constraint on θ2D g
2
q/m
2
Z′ for θD  1.
In the SM, the weak phase of B0s -B¯
0
s mixing is pre-
dicted to be very small: ϕs = −0.03704 ± 0.00064
[36, 37]. The present measurement of this quantity is
ϕcc¯ss = −0.030 ± 0.033 [35]. Although these values are
consistent with one another, the experimental error is
large, allowing for a significant NP contribution. This
then raises the question: could the present Z ′ model give
a large contribution to ϕs? Unfortunately, the answer
is no. The Z ′ contribution to B0s -B¯
0
s mixing is given in
Eq. (17). It can include a weak phase only if gq is com-
plex. However, from Eq. (3), we see that, since the cou-
pling is self conjugate, the coupling constant gq is real.
Thus, if a future measurement of ϕcc¯ss were to find a size-
able deviation from the SM, it could not be accomodated
in our model.
3.3. b→ sνν¯
In our model, the effective Hamiltonian for b→ sνν¯ is
Heff(b→ sνµν¯µ)
=
(
−αGF√
2pi
VtbV
∗
tsC
SM
L +
gqgl
2m2Z′
sin θD cos θD
)
× (s¯γµPLb)
(
ν¯µγµ(1− γ5)νµ
)
, (20)
where the SM loop function is CSML ' −6.60. The NP
contribution can be constrained by the 90% C.L. up-
per limits of B(B+ → K+νν¯) ≤ 1.7 × 10−5, B(B+ →
K∗+νν¯) ≤ 4.0×10−5, and B(B0 → K∗0νν¯) ≤ 5.5×10−5,
given by the BaBar and Belle Collaborations [38, 39].
Comparing the experimental upper limits with the SM
predictions, the resulting constraint (including theoreti-
cal uncertainties) is [40]
2|CSML |2 + |CSML + CNPL |2
3|CSML |2
. 5 , (21)
with
CNPL =
pi√
2αGFVtbV ∗ts
gqgl
m2Z′
sin θD cos θD . (22)
This has the same form as the NP contribution to b →
sµ+µ− [Eq. (15)]. However, as we will see below, the
constraint from b → sνν¯ is quite a bit weaker than that
from b→ sµ+µ−.
3.4. Neutrino trident production
A further constraint arises due to the effect of the
Z ′ boson on the production of µ+µ− pairs in neutrino-
nucleus scattering, νµN → νµNµ+µ− (neutrino trident
production). At leading order, this process is effectively
νµγ → νµµ+µ−, which in the SM is produced by single-
W/Z exchange diagrams. With respect to the effective
Lagrangian, it corresponds to the four-fermion effective
operator
Leff:trident
=
[
µ¯γµ
(
CV − CAγ5
)
µ
] [
ν¯γµ(1− γ5)ν
]
, (23)
with an external photon coupling to µ+ or µ−. In the
SM, we have CSMV 6= CSMA in Eq. (23). Combining both
W - and Z-exchange diagrams, we have [41–44]
CSMV = −
g2
8m2W
(
1
2
+ 2 sin2 θW
)
,
CSMA = −
g2
8m2W
1
2
. (24)
On the other hand, the Z ′ boson contributes to Eq. (23)
with the pure V −A form:
CNPV = C
NP
A = −
g2l
4m2Z′
. (25)
In terms of the coefficients CV and CA, the inclusive
cross section is given by2 [45]
σ(sˆ) ' (C2V + C2A) 2αEM sˆ9pi2
[
log
(
sˆ
m2µ
)
− 19
6
]
, (26)
for sˆ = (pν + pγ)
2, where pν and pγ are the initial mo-
menta of the neutrino and photon, respectively. The ex-
isting experimental result [46] for σ(νN → νNµ+µ−) is
compared with
∫
σ(sˆ)P (sˆ, q2), where P (sˆ, q2) is the prob-
ability of creating a virtual photon in the Coulomb field
of the nucleus (for example, see Ref. [45]). Alternatively,
we can compare the ratio of the experimental data and
the SM prediction reported as [16, 45]
σexp.
σSM
∣∣∣∣
νN→νNµ+µ−
= 0.82± 0.28 , (27)
with the theoretical prediction
σSM+NP
σSM
∣∣∣∣
νN→νNµ+µ−
(28)
' σSM+NP(sˆ)
σSM(sˆ)
=
(CSMV + C
NP
V )
2 + (CSMA + C
NP
A )
2
(CSMV )
2 + (CSMA )
2
.
The net effect is that this will provide an upper limit on
g2l /m
2
Z′ .
2 The interference term CV CA is omitted in Eq. (26). According
to the study in Ref. [44], this term is suppressed by an an order
of magnitude compared to the (CV,A)
2 terms.
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FIG. 1: Solid (red): predicted branching ratio for Z → 4µ
via Z → Z′µ+µ− for light Z′, mZ′ = 12 GeV, versus gl.
Horizontal lines denote the 1σ experimentally-allowed region.
Vertical line is upper limit from ν trident production.
3.5. Z → 4µ
A constraint similar to that from neutrino trident pro-
duction comes from the process Z → µµ∗, µ∗ → µZ ′∗,
Z ′∗ → µµ, resulting in Z → 4µ. The decay mode into
light leptons (e, µ) has been measured by ATLAS and
CMS, giving a branching ratio consistent with the SM
value, 3.3×10−6 [47]. The NP contribution is suppressed
for heavy Z ′, mZ′ > mZ , giving a weak constraint, but
is larger when mZ′ < mZ so that the intermediate Z
′
can be on-shell. In this case we can estimate the NP
contribution (ignoring interference with the SM) as
Γ(Z → 4µ) = Γ(Z → Z ′µ+µ−)B(Z ′ → µ+µ−) . (29)
In our later fit to the AMS-02 antiproton excess, we will
be interested in mZ′ ∼= 12 GeV. The predicted branching
ratio (evaluated with the use of MadGraph 5 [48, 49]) is
shown in Fig. 1 for this case, giving the constraint gl <
0.05. The result depends upon gq since this affects the
branching ratio of Z ′ → µ+µ−,
B(Z ′ → µ+µ−) = g
2
l
2g2l + 1.9g
2
q
, (30)
taking account of the phase-space and amplitude sup-
pression for decays into bb¯. For definiteness we have taken
gq = gl; larger values of gq will weaken the constraint on
gl. Our result is consistent with the limits obtained in
Refs. [45, 50].
The constraint from Z → 4µ is relatively weak; in
the case gq = gl, the maximum value of gl consis-
tent with neutrino trident production (see Fig. 2) is
gl ∼= 2mZ′/TeV ∼= 0.02, which is more stringent than
that from Z → 4µ.
3.6. Muon g − 2
There has been a long-standing 3.6σ discrepancy be-
tween the predicted and measured values of the anoma-
lous magnetic moment of the muon, aµ. To address this,
models have been proposed that include a Z ′ with off-
diagonal vectorial couplings to µ and a heavier lepton
(`). (The case where ` is a new lepton L is discussed in
Ref. [51]; ` = τ is examined in Ref. [52].) This leads to a
(m`/mZ′)
2 enhancement of the loop contribution to aµ.
In the present model, the Z ′ couples only to µ (and has
V −A couplings). The contribution to aµ now increases
the discrepancy, though its actual size is too small to be
relevant. For example, in our model with mZ′ = 12 GeV,
the contribution to aµ is negligible as long as gl . 0.02.
And it does not help to allow the Z ′ to couple to both
µ and τ (with off-diagonal µ-τ couplings). In this case,
there is then a tree-level Z ′ contribution to τ → 3µ,
which is strongly constrainted.
3.7. Allowed parameter space
The preceding flavor constraints are summarized in
Table I, where VtbV
∗
ts = −0.0405 ± 0.0012 [47] and
fBsBˆ
1/2
Bs
= (266 ± 18) MeV [53] have been used, and
where mˆTeV ≡ mZ′/1 TeV. Concerning B0s -B¯0s mixing,
the experimental value is precisely determined (of order
0.1%) while the theory prediction has a large uncertainty.
We take a 1σ range for the theoretical uncertainty to ob-
tain the constraint.
In Fig. 2, we combine all the constraints to determine
the space of allowed values of the theoretical parame-
ters in the (gqgl mˆ
−2
TeV, θD) plane, for several values of
nq ≡ gq/gl. The area in the dark (blue) region below the
Bs mixing lines (orange) and to the left of the neutrino
trident lines (cyan) can explain the b → sµ+µ− anoma-
lies, consistent with all the other constraints.
Note that Fig. 2 applies for mZ′  mb. However,
for the light-Z ′ scenario (mZ′ = 12 GeV), the param-
eter gqgl/m
2
Z′ should be (approximately) replaced by
gqgl/(m
2
Z′ −m2b).
4. DARK MATTER MODELS
There are two independent tentative anomalies in the
AMS-02 antiproton spectrum: one at low ∼ 10 GeV en-
ergies and one at ∼ 300 GeV. To alternatively address
them, we consider two possible extensions of the model
to include dark matter: (1) TeV-scale Z ′, and Dirac dark
matter of mass 30-70 GeV, and (2) 10 GeV-scale Z ′, cou-
pled to two quasi-degenerate Majorana DM states with
masses mχ ∼ 2 TeV. In the second model, the Z ′ couples
off-diagonally to the DM mass eigenstates, alleviating di-
rect detection signals. A consistent treatment of the sec-
ond model requires the inclusion of the dark Higgs boson
7Process Constraint Range
b→ sµ+µ− 0.00028 ≤ gq gl sθcθ mˆ−2TeV ≤ 0.00177 “3σ” [6]
b→ sνν¯ ∣∣0.01041 + gq gl sθcθ mˆ−2TeV∣∣ . 0.03711 90% C.L.
B0s -B¯
0
s mixing g
2
q(sθcθ)
2 mˆ−2TeV . 0.00002 (1σ theor. error)
νN → νNµ+µ− g2l mˆ−2TeV (1 + 0.02097× g2l mˆ−2TeV) ≤ 4.81193 95% C.L.
TABLE I: Summary of the flavor constraints from b → sµ+µ−, b → sνν¯, B0s -B¯0s mixing, and νN → νNµ+µ−, where
mˆTeV ≡ mZ′/1 TeV and sθcθ = sin θD cos θD.
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FIG. 2: Allowed regions from flavor constraints, for several
values of nq ≡ gq/gl; dark (blue) band gives observed RK .
The preferred couplings from dark matter constraints (for the
heavy Z′ model) are shown by the vertical red dashed line
(from the nq = 2, nχ = 5 model, where nq = gq/gl and
nχ = gχ/gq.)
that gives mass to the Z ′.
4.1. Heavy Z′, Dirac dark matter
We first consider the scenario in which the DM χ is a
Dirac particle with mass mχ  mZ′ and vectorial cou-
pling to the Z ′ with strength gχ. In the approximation
of small mixing angles, where we neglect the couplings to
lower-generation quarks, the Z ′ can be integrated out to
give the effective Hamiltonian
H =
gq gχ
m2Z′
∑
i=t,b
(q¯iγµPLqi)(χ¯γ
µχ)
+
gl gχ
m2Z′
∑
j=µ,νµ
(l¯jγµPLlj)(χ¯γ
µχ) . (31)
As in the preceding sections, we assume that the Z ′ cou-
ples only to left-handed SM particles.
4.1.1. Astrophysical constraints
The cross section for χχ¯ annihilation into bL quarks
and µL, νµ leptons is given by
〈σv〉 = (3g
2
q + 2g
2
l )m
2
χ
2pi
(
gχ
m2Z′
)2
∼= 4.4× 10−26 cm
3
s
(32)
to get the right relic density [54]. This is the appropriate
formula for mχ < mt, as suggested by the best-fit regions
for AMS excess antiprotons, mχ ∈ [30− 70] GeV [26], or
mχ ∼= 80 GeV [25].3
To get a large enough antiproton signal, consistent
with the thermal relic annihilation cross section, we want
quarks to dominate in the final state. Reducing the rel-
ative coupling to leptons also helps to alleviate stringent
LHC constraints considered below, but at the same time
diminishes the NP contribution to b → sµ+µ−. We find
that taking gq = nq gl with nq = 2 is a sufficient com-
promise, implying that annihilation into b quarks makes
up 86% of the total cross section. This leaves just one
3 Ref. [55] finds a larger DM mass of mχ ∼= 200 GeV as the best-
fit point, which would give a larger predicted cross section, with
(3g2q+3g
2
l )→ (10.1 g2q+3g2l ), due to the production of top quark
pairs with some phase-space suppression ((1−m2t /m2χ)1/2), com-
pensated by matrix element enhancement (1+m2t /2m
2
χ). We find
this scenario is difficult to reconcile with the global constraints,
and hence do not further consider it.
8ratio gχ/gq ≡ nχ to be constrained. We then have from
Eq. (32)
gχ =
1.09
√
nχ
mˆ
1/2
70
mZ′
TeV
,
gq = 2gl =
1.09
√
nχ mˆ
1/2
70
mZ′
TeV
, (33)
where mˆ70 ≡ mχ/(70 GeV).
The couplings in (33) are evaluated at the scale of mχ,
after integrating out the heavy Z ′ at the scale of its mass.
It has been pointed out in Ref. [57] that running of the
U(1)′ coupling in dark matter models can sometimes be
important. However below the Z ′ threshold, no signifi-
cant running is expected because the Z ′ is heavy and has
already been removed from the effective theory. We have
estimated this effect by computing the vertex correction
with loop momenta between mχ and mZ′ with a massive
Z ′ propagator, finding that ∆gχ ∼ 3 × 10−3g3χ. On the
other hand, above mZ′ running can become significant,
and one can wonder whether perturbation theory may
break down at scales not far above mZ′ .
To estimate whether this is the case in the present
model, we integrate the beta function dgχ/d lnµ =
g3χ/12pi
2 between mZ′ and a UV scale Λ, finding that
αχ = g
2
χ/4pi & 1 already at Λ = 10 TeV for mZ′ =
1.2 TeV, while for smaller mZ′ the scale of nonpertur-
bativity quickly rises to much higher values, as shown in
fig. 3. Therefore lighter mZ′ . 1 TeV are preferred for
consistency of the theory up to scales above ∼ 100 TeV,
where some UV completion could be expected.
The most recent Fermi-LAT searches for emission from
dark matter annihilation in dwarf spheroidal galaxies cur-
rently exclude cross sections of 〈σv〉 > 1.9×10−26 cm3/s
at 95% C.L. for 80 GeV DM annihilating to bb¯ [56]. This
is in tension with the cross sections suggested by the DM
interpretation of the p¯ excess. However, recent works
[58, 59] have pointed out that the dark matter content
of some of the dwarf spheroidals in the Fermi analysis
may have been overestimated, resulting in a less strin-
gent limit that can be compatible with DM explanations
of cosmic ray excesses.
4.1.2. Collider limits
ATLAS and CMS have searched for resonant lepton
pairs from Z ′ → `¯` [60, 61]. These depend on the branch-
ing ratio of Z ′ into µ+µ−, which in our model is given
by
B(µµ¯) =
g2l
3(1 + f) g2q + 2 g
2
l + 2 g
2
χ
=
0.25
3.5 + 3f + 2n2χ
, (34)
where f = (1 + 7x/17)
√
1− 4x2 with x = (mt/mZ′)2
for top quark final states [62]. It is common in model-
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FIG. 3: The UV scale Λ where αχ = g
2
χ/4pi = 1, versus
mZ′ , using the relic density value of gχ from (33) at the scale
mχ = 70 GeV as the IR boundary condition for RG running.
building to forbid Z ′ couplings to leptons in order to
avoid these stringent dilepton constraints. Here we man-
age to satisfy them by coupling the Z ′ only to the b-
quarks present in the proton, leading to PDF suppres-
sion of the production cross section, combined with a
reduction in the partial width of Z ′ to leptons due to the
invisible decays Z ′ → χχ¯.
We show the ATLAS dilepton limit in Fig. 4 (left),
along with predictions for the model with gl = gq/nq =
0.5 gq, gχ = nχ gq = 5 gq, and mχ = 70 GeV, for
which the region with 300 GeV < mZ′ < 390 GeV is ex-
cluded. These were calculated by computing the produc-
tion cross section for Z ′ through its coupling to b-quarks
using MadGraph 5 [48, 49], with a QCD K-factor cor-
rection that happens to be unity within uncertainties of
∼ 10−30% (see fig. 3 of Ref. [63]). Then eq. (33) implies
glgq/m
2
Z′ = 0.12/TeV
2, which is shown as the vertical
line in the parameter space relevant for b→ sµ+µ−, Fig.
2. The blue region below the dashed lines, showing the
upper bound on the quark mixing angle from Bs mixing,
is allowed.
Eq. (33) demands a large coupling gχ unless mZ′ is in
the lower part of its allowed region. For example, with
mZ′ = 250 GeV, we obtain gχ = 0.6 (and it scales linearly
with mZ′ for larger values). Taking larger values of mχ
reduces the couplings needed to get the right relic density,
and further alleviates tension with the dilepton search,
but it also pushes gqgl/m
2
Z′ further to the left in Fig. 2,
making it difficult to get a large enough contribution to
b → sµ+µ−. This is the problem with the scenario with
mχ = 200 GeV (see footnote 3).
There are also limits from resonant dijet searches from
bb¯ or tt¯ final states [64–67] but which are weaker than
those from the dilepton searches. The branching ratio to
b quarks is 12 times greater than Eq. (34), but the pre-
dicted cross section is still far below the limit, as shown
in Fig. 4 (right).
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FIG. 4: Left: ATLAS limit on pp → Z′ → µµ¯ production and decay, and predictions of two models that are close to the
constraint; right: same for pp → Z′ → bb¯ or tt¯ as limited by searches for dijet or tt¯ final states. The dijet limit is adjusted
upward from the published value of σBqqA by assuming the event acceptance is A = 0.6 [67].
Propagation χχ→ qq¯ mZ′ = 5 GeV χχ→ bb¯ mZ′ = 12 GeV
Model mχ [GeV] 〈σv〉 [10−26 cm3/s] mχ [GeV] 〈σv〉 [10−26 cm3/s]
MIN 765 18.6+10.7−8.0 1800 103
+59
−44
MED 808 5.2+3.0−2.4 1950 31
+18
−14
MAX 826 2.29+1.3−1.1 1950 12.8
+7.3
−5.9
TABLE II: The values on the left are the best-fit values of dark matter mass and self-annihilation cross section for explaining
the p¯ excess as determined in Ref. [27]. These fits were done considering mediators of mass 5 GeV which decay to light quarks
(q = u, d) for the three standard propagation parameter sets. On the right are the values of mχ that give roughly the same
prompt spectrum of p¯ when the mediator has a mass of 12 GeV and decays exclusively to b quarks (see Fig. 5). Also listed are
necessary cross sections to achieve the same dark matter annihilation rate for these masses.
4.1.3. Direct detection
The couplings of Z ′ to light quarks in this model are
highly suppressed, making the tree-level contribution to
χ-nucleon scattering well below the current limit. The
coupling of Z ′ to left-handed up quarks due to mixing is
of order [see Eq. (11)]
gu ∼ |θDVus − Vub|2gq ∼ 6× 10−6gq (35)
for the maximal quark mixing angle θD = 0.008 indicated
in Fig. 2. The effective cross section on nucleons is given
by4 [68]
σN =
(gχgumn)
2
4pim4Z′
(1 + Z/A)
2 ∼= 2× 10−51 cm2 , (36)
using Eqs. (33,35) with mχ = 70 GeV, where mn is the
nucleon mass. This is well below the expected reach of
the LZ experiment, 2× 10−48 cm2 [69].
However, the coupling of Z ′ to quarks and leptons con-
tributes at one loop to kinetic mixing, (/2)FµνZ ′µν . The
4 We correct an erroneous factor of 4 in their formula
contributions are logarithmically divergent, and only can-
cel if gq = gl. To estimate the natural size of such cor-
rections in the model with gq = 2gl, we imagine that
there is some heavy vector-like fermion with mass mF
and charges such that it cancels the UV contributions of
the SM fermions to  at scales above mF . Then, in the
infrared one finds
 ∼= egq
24pi2
ln
(
m4t
m2bmµmF
)
∼ 0.036 gqe , (37)
where we have taken mF = 100 TeV to get the numerical
estimate. This provides an example of how loop effects
from the coupling of new physics to leptons (in this case
µ) can be important for the coupling to quarks relevant
for direct detection, as has been discussed with respect
to leptophilic dark matter models in Ref. [70].
Kinetic mixing leads to the effective interaction
egχ
m2Z′
(χ¯γµχ)(p¯γµp) (38)
between DM and protons. The cross section on protons
is then
σp =
(egχmp)
2
pim4Z′
∼ 1.7× 10
−45
mˆ270
cm2 , (39)
where mp is the proton mass, and we have used Eqs.
(33,37). This is just below the current limit of 1.8 ×
10
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FIG. 5: Antiproton spectra from χχ → Z′Z′ → bb¯ bb¯ for
mZ′ = 12 GeV and several dark matter masses, compared to
the best fit χχ→ Z′Z′ → qq¯ qq¯ spectra found in Ref. [27].
10−45 cm2 on protons for 70 GeV DM from the PandaX-
II experiment [71], and well above the expected reach of
LZ experiment, 1×10−47 cm2 for DM coupling to protons.
4.2. Light Z′, Majorana dark matter
Here we discuss an alternative scenario in which TeV-
scale DM annihilates into highly-boosted light Z ′ bosons,
whose subsequent decays into b quarks produce antipro-
tons with a sharply peaked spectrum, to explain a tenta-
tive bump at high energies in the AMS-02 data.
4.2.1. Antiproton spectrum
Ref. [27] recently observed that heavy DM, with mχ ∼
(0.6 – 1) TeV, annihilating into light mediators of mass
∼ 5 GeV that decay to u and d quarks, can lead to a
spectrum of p¯ that fits the AMS-02 excess at high ener-
gies. The decay products are highly boosted and result
in p¯’s that have a spectrum peaked near 300 GeV as ob-
served. The required annihilation cross sections, depend-
ing upon different models of cosmic ray propagation, are
listed in Table II. These sets of propagation parameters
are not the standard ones that appear in the literature
(e.g., Ref. [72]), but rather a more recent fit to the proton
flux and B/C ratio as measured by AMS-02 [73].
The best-fit values of 〈σv〉 show that dark matter
explanations of the excess tend to require an annihila-
tion cross section above the thermal relic value, 2.3 ×
10−26cm3/s for 800 GeV DM [54], suggesting that a com-
plete model should have a mechanism, such as Sommer-
feld enhancement, for boosting the late-time annihilation
cross section relative to that in the early universe.
The prompt p¯ spectrum produced by dark matter an-
nihilation in this scenario is found by boosting the spec-
trum of p¯ from the decays of two Z ′ bosons at rest. It is
given by [27]
dN(x)
dx
= 2
∫ b(x)
a(x)
dx′
1√
1− E21
√
x′2 − E20
dN(x′)
dx′
, (40)
where x = E/mχ, E is the total energy, x
′ =
2E′/mZ′ , E1 = mZ′/mχ, and E0 = 2mp¯/mZ′ . The
upper and lower limits of integration are a(x) =
x− and b(x) = min{1, x+} with x± = 2(x ±√
(1− E21)(x2 − E21E20/4))/E21 . Therefore the prompt
spectrum of p¯ from a dark matter annihilation in this
model is determined by mχ, mZ′ and the spectrum of p¯
from a single Z ′ decay. For the latter, we use the tabu-
lated spectra in the PPPC 4 DM ID [74, 75].
In Ref. [27], it was assumed that Z ′ decays with equal
strength into light quarks q = u, d, whereas in our model,
it decays predominantly to b quarks. We find that, to
achieve nearly the same shape of the spectrum for Z ′ →
bb¯ as for decays to qq¯, we require larger values of both
the DM and Z ′ masses, as shown in Fig. 5. For such
a light (12 GeV) Z ′, fits to b → sµ+µ− should be in
terms of gqgl/(m
2
Z′ − m2b), leading to a 12% reduction
in the required size of gqgl compared to the mZ′  mb
limit. More importantly, since the rate of annihilation in
the galaxy scales as n2χ〈σv〉 and nχ ∼ 1/mχ, we need to
increase the target values of 〈σv〉 accordingly. As in the
previous section, we consider gq & 2 gl so that decays to
leptons can be ignored. The rescaled cross sections and
dark matter masses relevant for our model are shown in
the right side of Table II.
Fermi-LAT searches for DM annihilation in dwarf
spheroidal galaxies currently exclude annihilation cross
sections of 〈σv〉 > 42 × 10−26 cm3/s at 95% C.L. for
1.95 TeV DM annihilating to bb¯ [56], in tension with the
value needed to explain the p¯ excess with the MIN prop-
agation model. Ref. [27] has shown that the tension is
ameliorated for the case of interest where χχ¯→ bb¯ bb¯.
4.2.2. Dark Matter Model
To avoid stringent constraints from direct detection
with such a light mediator, we wish to forbid vector cou-
plings of the Z ′ to χ. A simple model that accomplishes
this, while also explaining the origin of the Z ′ mass, has
the Lagrangian [76]
L = χ¯ (i/∂ − gχ /Z ′ −M)χ− ( f√
2
φχ¯χc + h.c.
)
+
∣∣(∂µ − 2igχZ ′µ)φ∣∣2 − λ′(|φ|2 − 12w2)2, (41)
where χ is a Dirac particle and the scalar potential causes
φ to get a VEV 〈φ〉 ≡ w/√2. After symmetry breaking,
χ splits into two Majorana states χ± = 1√2 (χ±χc), with
masses M± = M ± fw. The resulting dark sector La-
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grangian includes the terms
L 3 12
∑
±
χ¯±
(
i/∂ −M±
)
χ± − gχ
2
(
χ¯+ /Z
′
χ− + h.c.
)
− 12
∑
±
±fϕχ¯±χ± + 1
2
(
∂µϕ∂
µϕ−m2ϕϕ2
)
+ 12m
2
Z′Z
′
µZ
′µ + 2g2χZ
′
µZ
′µ (2wϕ+ ϕ2) , (42)
where ϕ is a dark Higgs boson defined by φ = 1√
2
(w +
ϕ), mϕ = (2λ
′)1/2w, and m2Z′ = (2gχw)
2 + (gq〈Φq〉)2 +
(gl〈Φl〉)2 .
Recall that the fields Φq,l were introduced in eq. (1)
for generating Yukawa couplings that would otherwise
be forbidden by the U(1)′ symmetry. In order to help
keep mZ′ sufficiently light, we assume here that 〈Φl〉 
〈Φq〉 so that its contribution to mZ′ can be neglected.
Moreover we adhere to the relatively small values of gq =
2gl = 0.4mZ′/TeV= 0.005 that were preferred in the
heavy Z ′ scenario, but now in order to keep gq〈Φq〉 ∼=
4.2 GeV sufficiently small (recalling our assumption that
〈Φq〉 ∼= Mt ∼= 870 GeV to obtain the observed top Yukawa
coupling).
Using these values, mZ′ is generated primarily by the
first term 2gχw ∼= 11 GeV. We take these parameter val-
ues as an example; it would be possible to choose some-
what larger gq,l, allowing for the Z
′ to get somewhat more
of its mass from 〈Φq〉 at the expense of smaller values of
w. It will become apparent that taking too small values
of w would violate a technical assumption we make below
for simplifying the analysis of Sommerfeld enhancement
in χ annihilation.
A key feature of this model is that as long as fw &
50 keV, there are no constraints from direct detection
since the ground state χ− does not have enough energy
to produce χ+ in an inelastic collision with a nucleus.
The tree-level decay χ+ → χ−νµν¯µ mediated by a Z ′ is
kinematically allowed even for such small mass splittings,
so in the present day the dark matter is made up entirely
of χ−.
We note that it would not be natural to make mϕ 
mZ′ since both are of order w, so a consistent treatment
demands that we include it in the Lagrangian. Doing so
also avoids problems with tree-level unitarity that would
occur in models with axial couplings of light Z ′ vector
bosons to heavy DM [77]. In the present case, we will
find that dark Higgs exchange plays an important role
by providing a Sommerfeld enhancement of DM annihi-
lations in the galactic halo.
4.2.3. Relic density
The couplings of χ± to both Z ′ and ϕ after break-
ing of the U(1)′ symmetry lead to several annihilation
processes that can affect the DM relic abundance; these
include χ±χ± → Z ′Z ′ and χ+χ− → Z ′ϕ. Also present
is χ±χ± → ϕϕ, but it is p-wave suppressed and so we
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FIG. 6: Values of gχ and f that give the correct relic density
for mχ = 1950 GeV (MED and MAX propagation models)
and mχ = 1800 GeV (MIN model).
neglect it. Since the p¯ signal requires mZ′  mχ− , we
expand the cross section in powers of mZ′/mχ− and keep
only the leading terms. As noted above, the dark Higgs
mass cannot be much larger than mZ′ , so we neglect
terms suppressed by mϕ/mχ± . In the kinematic thresh-
old approximation vrel ∼= 0, the annihilation cross sec-
tions are
〈σv〉χ±χ±→Z′Z′ ∼=
g4χ
16pim2χ−
(
1− 2 fmZ′
gχmχ−
)
, (43)
〈σv〉χ+χ−→Z′ϕ ∼=
(g2χ − f2)2
16pim2χ−
(
1− fmZ′
gχmχ−
)
. (44)
Both δmχ = 2fw and mZ′ ∼= 2gχw are proportional to
w, so the χ mass splitting must also be . 10 GeV (but
not so small that inelastic scattering with nuclei becomes
possible). Therefore it is a good approximation to take
mχ+
∼= mχ− in estimating the relic density. The effective
annihilation cross section in this limit is [78]
〈σv〉eff = 14 〈σv〉χ+χ+→Z′Z′ + 12 〈σv〉χ+χ−→Z′ϕ
+ 14 〈σv〉χ−χ−→Z′Z′ . (45)
The coefficients for χ±χ± → Z ′Z ′ are half that for
χ±χ∓ → Z ′φ because the former process has identical
Majorana fermions in the initial state. The correct relic
density in this case requires 〈σv〉eff ∼= 2.3 × 10−26cm3/s
[54], giving a relationship between gχ and f ,
g4χ + (g
2
χ − f2)2 ∼=
{
0.75, MED, MAX
0.64, MIN
, (46)
as shown in Fig. 6.
From Fig. 6 we see that gχ ∼= 0.9 for f . 0.8, and
therefore gχ/mZ′ ∼= 75/TeV, in contrast to the cou-
plings of Z ′ to the SM particles, (gqgl)1/2/mZ′ . 1/TeV.
This scenario thus requires a substantial hierarchy gχ &
75 (gq, gl), which might require additional model-building
to seem natural. Here we defer such questions and focus
on the phenomenology.
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4.2.4. Sommerfeld enhancement
At low temperatures T < δmχ = mχ+ − mχ− , long
after freezeout, only the ground state DM χ− is present:
even for very small mass splittings, the tree-level decay
channel χ+ → χ−νµν¯µ by virtual Z ′ emission is always
open. The χ− annihilation cross section at threshold is
given by Eq. (43). For this to be large enough to give
a significant p¯ signal, we need to be on the horizontal
branch of the relic density curves in Fig. 6, where gχ ∼
0.75 − 0.9. This range corresponds to a cross section of
(2.3− 4.0)× 10−26 cm3/s.
To match the central values needed for the AMS signal,
we therefore require respective Sommerfeld enhancement
factors of order S ∼ 3, 8, 45 for the MAX, MED, MIN
propagation models. To compute the enhancement in the
present model accurately could be complicated, because
it can generally be mediated both by φ and Z ′ exchange,
and the latter interactions are inelastic.
However it turns out that this complication is avoided
in our preferred region of parameter space, because the
DM mass splitting is so large that Z ′ exchange is sup-
pressed. Ref. [79] shows that the criterion for neglect-
ing Sommerfeld enhancement through Z ′ exchange is
δmχ > α
′2Mχ/2 = (2.5 − 4) GeV, where α′ = g2χ/4pi.
Since mZ′ = 2gχw and δmχ = 2fw, this puts a lower
bound on the Yukawa coupling, f & 0.14−0.3, which we
will show is satisfied. In contrast, dark Higgs exchange
proceeds through diagonal interactions with χ, and since
mϕ  mχ, it can give rise to Sommerfeld-enhanced an-
nihilation despite the suppression of Z ′ exchange.
We estimate the enhancement factor from φ exchange
using [80]
S = |Γ(a+)Γ(a−)/Γ(1 + 2iu)|2 , (47)
where a± = 1 + iu(1 ±
√
1− x/u), x = f2/(16piβ),
β = v/c, u = 6βmχ/(pi
2mϕ), for dark matter with ve-
locity v in the center-of-mass frame, which we take to be
v = 10−3c. The resulting correlated values of mϕ and f
needed to fit the antiproton excess are shown in Fig. 7 for
the three cosmic ray propagation models. The required
values of f are consistent with our assumption of suffi-
ciently large DM mass splittings (of order a few GeV)
to justify the neglect of Z ′ exchange in the enhancement
factor, and mϕ can be of the same order as mZ′ as ex-
pected.
Models with significant Sommerfeld enhancement are
constrained by their potential to distort the cosmic mi-
crowave background (CMB) or disrupt big bang nucle-
osynthesis (BBN) [81, 82]. These effects can be signifi-
cant since the DM velocity is smaller during BBN and
at recombination than at present in the Milky Way halo,
possibly leading to a large enhancement of the annihila-
tion cross section at those times. However, the Sommer-
feld enhancement saturates at vmin ∼ (mϕ/mχ)c, which
for the values of mϕ and mχ we consider above is ∼ 103
km/s.
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FIG. 7: Values of mϕ versus f that give the observed an-
tiproton excess at high energies, for the respective cosmic ray
propagation models as labeled. The orange region is excluded
by CMB constraints for DM with mχ = 1800 GeV. For all
curves gχ is taken to be the value that gives the correct relic
density (Eqn. 46). Where two values of gχ give the correct
relic density (see fig. 6 where gχ can be double-valued), the
larger one is used, since this requires a smaller Sommerfeld
enhancement for the galactic p¯ signal.
In our scenario, DM kinetically decouples from the Z ′
bosons when they become nonrelativistic at a tempera-
ture of T ∼ mZ′/3. The most probable velocity of the χ
particles is subsequently given by [83]
v0 ≈ 10−8
(
1 + z
600
)√(
MeV
mZ′
)(
GeV
mχ
)
. (48)
For mχ = 1800 GeV and mZ′ = 12 GeV, v0 ∼ 2× 10−12
m/s at z = 600, the redshift at which ionization due
to DM annihilations can have the strongest effect on the
CMB. As this is far below the saturation velocity, changes
in DM velocity have little effect on the amount of Som-
merfeld enhancement during this epoch, so we assume
that S is constant.
With this approximation, we can use the 95% CL limits
on DM annihilation from the Planck collaboration [84]
S〈σv〉χχ→Z′Z′feff < 8.2× 10−28 cm
3
s
( mχ
GeV
)
. (49)
We take the efficiency parameter feff for annihilation to
b¯b from Ref. [85]. It has been shown in Ref. [86] that lim-
its from the CMB are insensitive to whether one consid-
ers DM annihilating directly to b quarks or to mediators
which cascade to b quarks, as occurs in our model. The
limits from the CMB when mχ = 1800 GeV are shown
in Fig. 7. In general the amount of Sommerfeld enhance-
ment we need to explain the p¯ results is not enough to
violate the CMB bounds. Moreover current constraints
from BBN are weaker than those from the CMB, with
observations of the ratio of deuterium to hydrogen con-
straining 〈σv〉 . 1100× 10−26 cm3/s at 95% CL [87] for
mχ = 1800 GeV.
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4.2.5. Direct detection and collider constraints
We avoid dark matter interactions with protons by Z ′
exchange (due to kinetic mixing) because of the highly in-
elastic nature of the coupling χ¯+ /Z
′
χ−. But the dark mat-
ter can have a Higgs portal interaction from κ|H|2|φ|2,
allowing the scalar φ to mix with the Higgs; the cross
section on nucleons is of order
σN ∼= (yh f θmN )
2
pim4ϕ
, (50)
where yh ∼= 10−3 is the Higgs-nucleon coupling and θ ∼
κvw/m2h is the mixing angle (with v = 246 GeV). It can
be kept below current constraints by taking fθ . 10−3,
assuming that mϕ ∼ mZ′ . This implies κ . 0.025.
Our model escapes potentially stringent limits from
monojets and dijets [88] by its small couplings to quarks,
gq . 0.01. In the dimuon channel, limits on light Z ′
bosons are significant if gq ∼ gl ∼ 0.01 for all flavors
of quarks [89, 90], but these are relaxed for our model
which couples mainly to b quarks. A weak constraint
comes from the kinetic mixing coupling and its implica-
tions for BaBar searches, electroweak precision data [91]
and proposed higher-energy collider searches. The nat-
ural value of the kinetic mixing parameter is of order
 . 5× 10−4 (see Eq. (37)), which is below the sensitiv-
ity of BaBar searches for e+e− → Z ′γ, Z ′ → e+e−, µ+µ−
[92] (and our model is also slightly outside the mass range
to which they are sensitive, mZ′ < 10.2 GeV).
Higher-mass regions can be probed in future collider
studies [93], but these also lack the sensitivity to probe
such small . In contrast, the search for Higgs decays h→
Z ′Z ′ → 4` constrains the Higgs portal coupling κ|H|2|φ|2
to be κ . 5×10−4 [94] , though this analysis only applies
for mZ′ > 15 GeV, and would be slightly weakened by the
branching ratio for hadronic decay Z ′ → bb¯ in our model.
For such small values of κ the branching ratio for h→ ϕϕ
is of order (κv/mb)
2 ∼= 10−3 and thus does not provide
any significant constraint.
5. CONCLUSIONS
The observed anomalies in B-meson decays governed
by b → s`+`− can be explained if there is new physics
in b→ sµ+µ−. In this paper we have presented a model
with a new Z ′ vector boson that can explain the anoma-
lies. The model assumes that the SM flavor symmetries
are gauged, and that these symmetries are spontaneously
broken, leaving only U(1)′ at the TeV scale. The Z ′ is
the gauge boson associated with this U(1)′, and it couples
only to left-handed third-generation quarks and second-
generation leptons in the flavor basis. When one trans-
forms to the mass basis, a Z ′-mediated b→ sµ+µ− decay
is generated. Taking into account all constraints on the
model (B0s -B¯
0
s mixing, b→ sνν¯, neutrino trident produc-
tion), we show that the anomalous decays B → Kµ+µ−
can be explained.
Dark matter annihilation into b quarks is a favored
scenario for indirect signals, making it natural to try
to link it to anomalies in B-meson decays. We have
demonstrated that, by allowing the Z ′ to also couple to
(quasi-)Dirac dark matter χ, one can find a common ex-
planation of the b→ sµ+µ− anomalies and tentative evi-
dence for excess antiprotons in AMS-02 data. Two alter-
native scenarios are interesting: a heavy Z ′ and relatively
light χ to explain excess p¯’s of energy ∼ 10 GeV, and a
light Z ′ with heavy DM to generate p¯’s at ∼ 300 GeV.
Although we did not emphasize it, the heavy-Z ′/light-
DM scenario has the added advantage of also explain-
ing the persistent gamma-ray excess from the galactic
center observed by Fermi-LAT [95–97]. Thanks to its
suppressed couplings to light quarks, our model satis-
fies stringent limits from direct detection [98, 99]. Mil-
lisecond pulsars have been suggested as an astrophysical
origin for the gamma ray excess, but it remains question-
able whether they can plausibly account for all of it [100],
leaving the dark matter hypothesis as an interesting pos-
sibility.
Both of our proposed scenarios live in regions of pa-
rameter space that make them imminently testable by a
variety of experimental techniques. The heavy-Z ′/light-
DM case requires couplings of Z ′ that put it close to
bounds from Bs-B¯s mixing, and to the sensitivity of LHC
searches for Z ′ → µ+µ−. In our model, lower than usual
Z ′ masses are allowed by LHC dilepton searches because
of the invisible branching ratio from Z ′ decays to dark
matter. At the same time, the natural one-loop level of
kinetic mixing of Z ′ with the photon implies that the DM
candidate is just below the current sensitivity of direct
detection searches. For the light-Z ′/heavy-DM case, a
light (∼ 10 GeV) dark Higgs φ must also couple to the
DM, splitting the Dirac χ into Majorana particles with a
large enough mass splitting to be safe from direct detec-
tion. The coupling of φ to the SM Higgs is already highly
constrained by searches for h → Z ′Z ′ → 4µ, suggesting
that this is the most likely discovery channel at colliders.
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